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1.0 Summary 


The ceramic outer air seal system was refined to be a strong candidate for 
incorporation in the high pressure turbine of the JT9D engine. 

The initial demonstration of sprayed ceramic seals for gas turbine engine 
sealing was demonstrated by engine test under NASA ECI-PI project support. 
Reference 2. Engine test of that design demonstrated potential but indicated 
the advisability of improving the durability of the system. 

Durability of the sprayed ceramic seal system was addressed by this program by 
refinement and optimization of the plasma spray process and the metal 
substrate design. The advancements were guided by an interactive analytical/- 
experimental evaluation effort. Many combinations of seal system design and 
fabrication parameters were screened by physical property measurements, rig 
tests, and analytical evaluations. The characteristics of one Interim 
selection were verified by engine endurance tests, and a similar test of the 
final selection is in progress. The final seal system demonstrated an 
improvement of 231 °C (415 F), from 1 301 °C (2375°F) to 1532°C (2790°F), in 
thermal shock tolerance rig tests relative to the best system available at the 
start of the program. 

A typical engine seal segment resulting from this effort is shown in Figure 1. 
It consists of a porous abradable ceramic surface layer applied over three 
graded layers of dense ceramic with increasing percentages of metal alloy in 
the lower layers. The metal substrate is a nickel alloy casting designed for 
compatibility with the thermal growth properties of the ceramic and with the 
existing seal support structure in the JT9D high pressure turbine. A typical 
engine segment resulting from this effort is shown in Figure 1. 



Figure 1 JT9D-7 Ceramic Turbine Seal to be Engine Tested 



2.0 Introduction 


National energy demand has outpaced domestic supply, creating an increased 
U.S. dependence on foreign oil. This increased dependence was dramatized by 
the OPEC oil embargo in the winter of 1973-74. In addition, the embargo 
triggered a rapid rise in the cost of fuel which, along with the potential of 
further increases, brought about a changing economic circumstance with regard 
to the use of energy. These events were felt in the air transport industry as 
well as other forms of transportation. As a result of these experiences, the 
government, with the support of the aviation industry, initiated programs 
aimed at both the supply (sources) and demand (consumption) aspects of the 
problem. The supply problem is being investigated by looking at increasing 
fuel availability from such sources as coal and oil shale. Efforts are 
currently underway to develop engine combustor and fuel systems that will 
accept fuels with broader specifications. 


An approach to the demand aspect of the problem is to evolve new technology 
for commercial aircraft propulsion systems which will permit development of a 
more energy efficient turbofan, or the use of a different approach such as a 
turboprop. Although studies have indicated large reductions in fuel 
consumption usage are possible with advanced turbofan or turboprop engines 
(e.g., 15 to 40 percent), any significant fuel savings impact of these 
approaches is at least fifteen years away. In the near term, the only 
practical fuel savings approach is to improve the fuel efficiency of current 
engines. Examination of this approach has indicated that a five percent fuel 
reduction goal, starting in the 1980-82 time period, is feasible for current 
commercial engines. Inasmuch as commercial aircraft in the free world are 
using fuel at a rate in excess of 80 billion liters of fuel per year, even 
five percent represents significant fuel savings. 

Accordingly, NASA is sponsoring the Aircraft Energy Efficient (ACEE) Program 
(based on a Congressional request), which is directed at reduced fuel 
consumption of commercial air transports. The Engine Component Improvement 
(EC I) Program is the element of the ACEE Program directed at reducing fuel 
consumption of current commercial aircraft engines. The Engine Component 
Improvement (EC I) Program consists of two parts: Engine Diagnostics and 
Performance Improvement. The Engine Diagnostics effort is to provide 
Information to identify the sources and causes of engine deterioration. The 
Performance Improvement (PI) effort is directed at developing engine 
components having performance improvement and retention characteristics which 
can be incorporated into new production and existing engines. 


The Pratt & Whitney Aircraft Performance Improvement effort was initiated with 
a Feasibility Analysis, which identified engine performance improvement 
concepts. These concepts were then assessed for technical and economic merit. 
This assessment included a determination of airline acceptability (measured by 
the amount of time the concept would require to pay for itself, or "payback 
period"), the probability of introducing the concepts into production by the 
1980 to 1982 time period, and their retrofit potential. Since a major portion 
of the present commercial aircraft fleet is powered by the JT8D and JT9D 
engines, performance improvements were investigated for both engines. The 
study was conducted in cooperation with Boeing and Douglas aircraft companies, 
and American, United and Trans World Airlines, and is reported in reference 1. 
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In the Feasibility Analysis, the JT9D Ceramic Outer Air Seal concept was 
selected for development and evaluation because of its fuel savings potential 
and attractive airline payback period. Under the feasibility study, the 
concept was predicted to have a potential fuel savings of 1,953,000,000 liters 
(516,000,000 gallons), and a payback period under a year for installations in 
both new and existing engines in all aircraft. This is well within the five 
year payback period defined as the acceptability limit in the study. 

The goal of the Ceramic Outer Air Seal Program was to produce a cost effective 
and durable seal system that can reduce engine operating clearances by at 
least 0.025 cm (0.010 in). The seal should have a life of 5000 hours under 
typical engine operating conditions without compromising any of the other 
desirable properties of the bill-of-material configuration. 

The ceramic outer air seal refinement effort described in this report was 
preceded by a ceramic seal technology effort also sponsored by the EC I -PI 
Project. This technology effort, which is reported in Reference 2, established 
the baseline for the further improvement of ceramic seals described herein. 

The technology effort culminated in a test of ceramic outer air seals in a 
JT9D engine that demonstrated encouraging abradability (three ceramic seals 
were rubbed to a maximum depth of 0.060 cm (0.024 in) with an insignificant 
amount of blade wear) and good hardware condition (the seals sustained very 
minor laminar cracking). The baseline design is composed of three layers 
plasma sprayed over a thin bond coat on a metal casting. The three layers are 
formed by spraying ceramic and metallic powder; the top layer is 100 percent 
zirconia powder, the middle layer, 85 percent zirconia and 15% CoCrAlY, and 
the lower layer, 40% zirconia and 60% CoCrAlY. The bond coat is NiCrAl. The 
metal casting is similar in configuration and the same material (MAR-M-509) as 
the JT9D Bill-of-Material high pressure turbine outer air seal segments. 

This report describes the refinement of the baseline seal system toward the 
goal of production engine acceptability. Section 3.0 is a general description 
of the refinement approach used to Improve the ceramic outer air seal concept. 
Section 4.0 describes the design that resulted from the improvement effort 
under this phase of the program. Section 5.0 describes test equipment and 
methods used to evaluate the ceramic seal system, and Section 6.0 provides the 
results of these tests. Section 7.0 summarizes what was learned and the future 
course of action that will be taken on the concept. 
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3.0 Refinement Approach 


The baseline ceramic seal system was refined during a 19 month effort using a 
combination of analytical and experimental methods, first In an iterative 
process and later in a screening process. The baseline design which performed 
well during engine test under the earlier NASA program was carefully analyzed. 
Properties of each of the individual layers as well as the substrate were 
defined. A two dimensional finite element program was used to define the 
stresses expected throughout the seal system which resulted from the thermal 
environment at various transient and steady state operating conditions. 
Stresses generated throughout the seal at various critical thermal conditions 
were compared with the strength of the material at the location of the 
stresses at the temperature associated with that stress. A stress to strength 
ratio was then used for evaluation purposes. If the stress generated by 
thermals at a particular point in the seal exceeded the strength of the 
material at that temperature it was expected that a crack would be generated. 
Using this criteria the approach was to develop a ceramic seal system which 
would have a stress to strength ratio less than one throughout the seal at all 
engine operating conditions - a seal system which would not crack during 
engine use. 

The approach used to refine this system is shown schematically in Figure 2. 

The baseline design tested under the earlier NASA program was used as a model 
for an analysis to define the significance of various properties of each of 
the sprayed layers on stresses generated during a typical engine thermal 
cycle. This effort identified which properties of which layers would be the 
most significant in reducing stress in the seal system. 

An experimental program was conducted simultaneously (to be time effective) to 
provide specimens of each of the sprayed layers utilizing variations in spray 
parameters. These specimens were used for material property measurement to 
define the relationship between properties and spray parameters. This effort 
identified the direction and magnitude of spray parameter changes to produce a 
desired change in layer properties. 

The effect of exposure to the engine thermal environment on properties was 
also evaluated to determine if exposure had an adverse effect on thermal 
rupture resistance. This was done by subjecting the specimen to specified 
temperatures for defined periods of time which were consistent with expected 
engine conditions for each of the layers considered. 

Results of these analytical and experimental efforts provided the basis for 
identifying the changes to spray parameters offering the most potential for 
reducing stresses. 

Combinations of spray parameters providing material properties giving the best 
stress -strength ratio for each layer were used to fabricate complete ceramic- 
system, multi-layer specimens. These specimens were subjected to thermal 
rupture resistance tests which imposed increasingly severe thermal stresses on 
the ceramic system. The combination of spray parameters that showed the best 
thermal rupture resistance with the baseline substrate configuration was 
selected as the "improved" ceramic seal system. 
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Figure 2 Refinement Process 


In an attempt to optimize the design of the metallic substrate to be 
compatible with the improved ceramic system, various design refinements were 
evaluated. Variations in the overall substrate thickness, thickness around the 
periphery specifically at corner locations and substrate surface treatment to 
promote bonding were considered. Parts were fabricated and tested in the 
thermal rupture rig to identify beneficial design refinements. 
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4.0 Design 


4.1 Overview 

The ceramic outer air seal concept is designed to reduce high pressure turbine 
clearances. The concept consists of layers of ceramic material applied to a 
metal structural support, or substrate. The ceramic material is abradable when 
rubbed by the high pressure turbine blade tips, which contain abrasive 
material. Blade wear is reduced significantly compared to metal seal designs. 
Improving performance and performance retention. The Improved design described 
in this section evolved from a previous design, referred to as the baseline 
design, developed under an earlier NASA contract (reference 2). 

The JT9D-7J was chosen as the demonstrator engine for the ceramic outer air 
seal, because it was available as a test vehicle in the time frame of the 
Ceramic Outer Air Seal Program. The ceramic seal and blades were required to 
have the same envelope as the bil 1 -of-material seals and blades to allow 
interchangeability in the engine. The attachment hardware also had to be 
identical, along with the general cooling scheme. This approach led to a 
sprayed ceramic seal segment design which was interchangeable with bill of 
material metallic seal segments to facilitate retrofit possibility In the 
future. 

4.2 Ceramic Layers 

The ceramic abradable seal system consists of five layers: two layers ceramic 

(yttrla stabilized zirconia) which serve as the abradable layer to absorb 
blade rubs and as insulation to reduce heat transfer to the seal substrate. 

Two Intermediate layers sprayed of a mixture of zirconia and CoCrAlY (cobalt, 
chromium, aluminum, and yttrium powder) to match the thermal expansion 
characteristics of the zirconia layer to the substrate. A NiCrAl layer bonds 
the ceramic layers to the metal substrate. These five layers will be called 
the porous zirconia, 100$, 85$, 40$, and bond layers, respectively, for the 
remainder of this report. The percentage refers to the weight percent of 
zirconia in the powder used to spray each layer. Figure 3 is a cross-section 
of the ceramic seal, showing the composition and thickness of each layer. 

The structure of each of the layers is highlighted in Figure 4 which shows the 
homogeneous distribution of metallic and ceramic particles in the Intermediate 
layer and the random distribution of porosity in the top zirconia layer. 

The thicknesses and compositions of all the layers except the top layer of 
porous zirconia were determined under a previous NASA contract (reference 2) 
using analytical and experimental methods. The structure and properties of the 
layers Is controlled by the plasma spray process parameters used to fabricate 
each layer. The program described in this report was primarily concerned with 
the choice of these parameters, to improve the thermal resistance capability 
of the ceramic system. The porous zirconia layer was added primarily to 
increase the abradability of the system. This effort is discussed in detail in 
Section 6.0. 
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Figure 3 Ceramic Seal System is Composed of Graded Layers 
4.3 Substrate 

Inconel 713 was chosen as the substrate material for the improved design, 
compared with the cobalt-based MAR-M-509 used In the baseline design. Inco 713 
contains no cobalt, which is a critical material. Inco 713 is as durable, 
easily cast, and more machinable than MAR-M-509. It cannot withstand tempera- 
tures as high as MAR-M-509, but this is acceptable since the sprayed ceramic 
system will insulate the substrate from the severe thermal environment of the 
engine. 

The substrate is attached to its support structure and ultimately to the 
turbine case by the rails. These rails add to the stiffness of the substrate. 
Since analysis had indicated that reduced substrate stiffness would reduce 
stresses, several slotting configurations to reduce stiffness were examined. 
Two approaches were considered; a large number of thin slots and a smaller 
number of wide slots or "scallops." The wide slot "scallop" design was 
selected because it was effective in reducing circumferential stiffness and 
was easier and less expensive to manufacture. The seal segment length was 
designed to be approximately 5.0 cm (2.0 in) long with 60 seal segments 
required for the JT9D first stage seal. This number of seal segments is the 
same as in the current B/M material of advanced versions of the JT9D engine. 

The exact placement and size of the slots were compromises between several 
competing factors. The closer the slots are to each other, the greater the 
reduction in circumferential stiffness. However, low cycle fatigue life is 
reduced as the slots get closer together. 

To eliminate mechanical loads on the ends of the ceramic system, the system 
layers were cut back from the edge, as shown in Figure 5. This prevents the 
ceramic layers of adjacent segments from touching, eliminating the possibility 
of delamination and cracking due to mechanical loads. 
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Figure 5 Design Ensures Against Ceramic Contact 


A seal was also designed with the same ceramic system but twice as long as the 
one described above. A longer seal reduces the number of fabrication steps and 
assembly costs. Performance also should benefit, since there are fewer axial 
seal gaps for air to leak through. Less leakage improves turbine efficiency 
and fuel consumption. Because of the higher thermal environment in advanced 
JT9D engines, the length of conventional seals has been reduced to minimize 
thermal distortion during engine operation. Because of the insulative and 
abradable properties of the ceramic seal system, however, it is anticipated 
that length can be increased without adversely effecting engine performance. 
The scheduled engine test will provide the necessary assessment of this design 
feature. A comparison of the circumferential view of the long and short seals 
with the final slotting configuration is shown Figure 6. 



Figure 6 Circumferential View of Two Type Seals to be Engine Tested 
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Bill-of-Material Design 


Shiplap Leakage 



Ceramic Seal Design 


Shiplap Leakage 




Figure 7 Bathtub Seal Controls Cooling Flow in Ceramic Seal Design 


The long seals were designed to be Intermixed with the short seals so that 
they could be tested in the same engine. Because of the intermixing 
requirement for this test, the slotting arrangement for both the long and 
short seal design was established to be compatible with the same engine seal 
support hardware. The removal of the Intermixing requirement would allow the 
long seal slotting configuration to be modified to further optimize seal 
stiffness and provide all slots of equal size and equally spaced. 

4.4 Cooling 

The seal is cooled using the same cooling flow rate as the bill-of-material 
design. The Improved ceramic seal design required some changes to the cooling 
airflow control system. In the bill-of-material design, cooling air is 
directed on the outer surface of the seal substrate by an Impingement plate. 
The cooling air Is metered through exit holes in the rails, as shown in Figure 
7, where It continues on to cool the rails and outer edges of the seal. 
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The slots In the ceramic outer air seal design are much too large to control 
cooling airflow. A metal seal, called a "bathtub seal" due to Its shape, was 
designed to partially block flow through the slots. The bathtub seal is loaded 
against the substrate by the impingement plate, and contacts the substrate 
outer surface, creating a chamber for cooling air to flow through. The flow is 
metered through holes in the sides of the bathtub seal, impinging upon the 
ceramic seal rails and outer flanges and cooling them. This design is also 
illustrated in Figure 7. 

Leakage of secondary flow into the gaspath between the segments of the ceramic 
outer air seal is controlled by the use of overlapping joints, or "shiplaps". 
Details of the shiplap joint is shown in Figure 8. This design is essentially 
the same as that used in the bil 1-of-material seal, with slight adjustments to 
accommodate the ceramic layer. 


Shiplap Leakage 



Figure 8 Ceramic Turbine Seal Shiplap Detail 


4.5 Blade Tip 

Abrasive tips are bonded to the high pressure turbine blades to minimize blade 
wear when rubbing the seals. The blade tips are composed of a metal /abrasive 
grit mixture consisting of 20& (by volume) 0.038 cm (0.015 in) diameter 
silicon carbide grits in a Tipaloy R matrix (a nickel-based superalloy). The 
blade tips are fabricated using the hot isostatic pressing technique and then 
attached to the blades using the transient liquid phase (TLP R ) bonding 
process. A typical blade tip is shown in Figure 9. 


1 1 
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5.0 Evaluation Techniques 


5.1 Analytical Studies 

The objective of the analytical studies was to determine the effect of signi- 
ficant ceramic seal material property variations on thermal stresses generated 
during the JT9D engine thermal cycle. The analysis considered +50% variations 
in modulus of elasticity, tensile strength, thermal conductivity, and thermal 
expansion to define the stress/property relationship for the sprayed ceramic 
seal system during JT9D engine operating conditions. This sensitivity study 
provided stress/property relationships which, together with the results of 
evaluation of spray parameter effects, provided the means to improve the 
thermal stability of the ceramic seal system . 

The analytical design system used in the study consisted of three analytical 
computer programs. The first program provided a two dimensional finite element 
nodal breakup of the seal design. Both axial and circumferential breakups were 
generated. 

The temperature distribution through the seal was calculated using a second 
program which performed a finite difference heat transfer analysis for 
transient and steady state temperature distributions based on JT9D-7 operating 
cycle boundary conditions. The required input for the heat transfer program 
included 1) the finite element breakup, 2) appropriate thermal boundary 
conditions and, 3) thermal conductivity as a function of temperature for each 
of the layers of the ceramic seal system and the substrate. Temperature 
distributions were calculated through the seal in both the axial and circum- 
ferential directions for four engine operation conditions: idle, acceleration 
from idle to sea level take-off, maximum power, and deceleration from sea 
level take-off to idle. 

The temperature distribution resulting from the heat transfer program was used 
to calculate the stress distribution through the seals by means of a third 
analytical program which conducted a two-dimensional stress analysis. The 
required input for this program includes the seal temperature distribution, 
the modulus of elasticity and the coefficient of thermal expansion for each of 
the layers and the substrate. Additionally, a description of the residual 
stress in the seal is needed. The residual stress is incorporated into the 
stress analysis by means of the stress free temperature (SFT) which is the 
temperature distribution through the part for which no internal stresses exist. 

Stresses resulting from the engine's thermal environment were initially 
calculated in the axial and circumferential plane for the four engine 
operating conditions. Early analytical results revealed that stresses in the 
axial plane and for engine operating conditions other than acceleration were 
less critical. As a result, subsequent analysis concentrated on the 
acceleration to maximum thrust operating condition and the circumferential 
plane of the seal segment. 
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5.2 Spray Parameter Evaluation 

The objective of the spray parameter evaluation effort was to determine the 
effect of spray parameter changes on material properties. This effort provided 
data which was used in concert with the analytical studies described 
previously. By identifying the property modifications most beneficial with 
respect to reducing stresses and the spray parameter changes most effective in 
providing those modifications, combinations of spray parameters offering the 
most improvement in the stress/strength ratio of the ceramic seal system were 
selected for thermal rupture rig evaluation. 

Single layer flat plate property specimens were fabricated by varying the 
plasma spray parameters from their baseline values. The four spray parameters 
chosen to vary were plasma spray gun power, primary gas flow rate, powder feed 
rate, and gun distance from the surface to be sprayed. A review of existing 
in-house experience substantiated by existing technical literature had 
indicated that these were the most influential spray parameters. These 
parameters were varied around the baseline values as shown in Table I. 

The properties measured for each of the variations were modulus of elasticity, 
tensile strength, compressive strength and thermal expansion. 

Spray parameter variation testing was only done for the 100% and 85% ceramic 
layers because the sensitivity study had shown that variations in the 40% 
ceramic layer had little significance with respect to the stress to strength 
ratio in all the layers. The spray parameter variations evaluated are listed 
in Table I. 


TABLE I 

SPRAY PARAMETER VARIATIONS EVALUATED 

Gun Power Gun Standoff Primary Gas 

Level , KW Distance cm, (in) Flow CMH,(CFH) 


100% Layer 
85% Layer 


29, 36* ,46 6. 3, 12. 7*. 19.0 

(2. 5, 5.0*, 7. 5 


26, 36*, 46 6.3, 12. 7*. 15. 2 

(2. 5, 5.0*, 6.0 


1 .7,2.1* ,2.8 
(60, 75*, 100 


1.4, 2.1*, 2. 8 
(50, 75*. 100 


Powder Feed 
Rate, gpm 

60,90*, 120 


20, 45*. 90 


*Baseline values 


A ring of specimens was sprayed for each variation of the four spray 
parameters. Material property measurements were conducted on three sets of 
flat plate test specimens from each ring to determine the repeatability of the 
material properties for each spray parameter variation. 
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Metallography was performed on the single layer test specimens fabricated for 
the material property measurements for the purpose of identifying structural 
changes, as produced by the variations in the spray parameters. Metallography 
was also helpful in determining that successive test specimens employing the 
same spray parameter variations reproduced the same structural characteristics. 

The elastic modulus and tensile strength were determined from single layer 
specimens placed in a fixture supported at each end with varying loads applied 
at two distinct points, as shown in Figure 10. A strain gage, placed at mid 
span and center of each specimen, was used to measure deflection over a 
temperature range from room temperature to approximately 315°C (600°F), the 
strain gage temperature limit. A deflectometer was also used from room 
temperature to 315°C (600°F) for calibration purposes, and was used alone at 
higher temperatures. The specimen was subjected to progressively higher loads 
until failure, producing a curve of load versus deflection. These measurements 
were taken at a minimum of three different temperature levels for each layer. 
The test specimen was 0.2 cm (0.1 in) thick x 0.952 cm (0.375 in) wide x 3.0 
cm (1.2 in) long with a sprayed material thickness of 0.63 cm (0.25 in). 


P P 



Figure 10 Four Point Bend Specimen Loading 
The elastic modulus was determined by: 


1 

8bh 3 


P 
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where b = specimen width perpendicular to the load application 
h = specimen thickness coincident with the load direction 
p/§ = slope of the load versus deflection curve 
The tensile strength was calculated by: 

6PA 
T bh 2 

where P = maximum load prior to specimen failure 

A = distance between load applied at fixture and next applied load (See 
Figure 10) 

Compressive strength was measured in the circumferential direction on single 
layer specimens measuring 1.98 x 0.60 x 0.55 cm (0.78 x 0.24 x 0.22 in) in 
length, width and thickness respectively. Measurements were taken at the same 
temperature levels, using the same combination of strain gage and 
deflectometer instrumentation as the elastic modulus/tensile strength test for 
each material. The specimen is supported at one end and loads applied at the 
other end until failure. The compressive strength was determined by dividing 
the applied load by the cross-sectional area over which the load was applied. 

Tensile and compressive strength, modulus of elasticity and strain at failure 
measurements were repeated three times for each fabrication trial and averaged 
to minimize the effect of variations in the measurement set-up and techniques. 
The accuracy of the measurement technique is +5%. 

Thermal conductivity measurements were not taken on this part of the spray 
parameter evaluations because of the relative Insensitivity of stress to 
changes in that property. When required later in the program, however, it was 
determined by measuring the thermal diffusivity, density, and specific heat, 
and taking the product of the three measurements. The thermal diffusivity was 
measured by a laser flash technique. A flash of radiant energy Is deposited 
uniformly over one surface of a homogeneous sample during a negligible time 
duration, and the heat pulse was allowed to diffuse unidirectional ly to the 
opposite face. The diffusivity is calculated from the sample thickness and the 
time required for the rear face temperature rise to reach a known percentage 
of its maximum value. These specimens were shaped in the form of a disk, with 
a diameter of 1.79 cm (0.705 in) and a thickness of 0.12 cm (0.05 in). The 
accuracy in measuring the thermal diffusivity is +2%. 

Specific heat was measured in a argon gas environment using a differential 
scanning calorimeter. A reference and a sample holder were equipped with 
heaters and temperature sensors. As the samples are heated, the sensors detect 
temperature fluctuations of the sample with respect to the reference. A high 
gain, closed-loop electronic system provides differential electrical power to 
the heaters to compensate for fluctuations. This differential power was read 
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out directly in millicalories per second and Is equivalent to the rate of 
energy absorption of the sample. By comparing this rate with the rate measured 
during the heating of a known mass of sapphire, the specific heat was 
calculated. The accuracy of this device, using a 0.63 cm (0.025 in) diameter 
test disk, is +3%. The upper limit for this test equipment was 726°C (1340°F). 
Above this temperature, values were determined by extrapolation. 

Density was determined by weighing a specimen, calculating its volume and 
dividing the weight by the volume. The accuracy of the measurement technique 
is+1%. 

The coefficient of thermal expansion of each layer was determined using a 
dilatometer. This instrument can operate to 1537°C (2800°F) in air, inert 
atmosphere, or vacuum. Tests at elevated temperatures were done in an argon 
gas environment. The specimens were 2.5 x 0.5 x 0.2 cm (1.0 x 0.2 x 0.1 in) in 
length, width and thickness, respectively, with the ends flat and parallel 
within 0.0012 cm (0.0005 in). A suitable standard was placed in parallel with 
the specimen so that the measurement data corresponded to the difference in 
expansion between the specimen and the standard. 

Each sample was cycled three times, with data recorded during the heat up and 
cool down portion of each cycle. The accuracy associated with this procedure 
is +1%. 

The effect of the engine thermal environment on properties, and thereby 
thermal rupture resistance of the system, was also investigated. Specimens of 
the various layers comprising the baseline and improved systems were heated in 
an oven at a temperature and for a time consistent with expected engine 
conditions and then used for property measurements. The 100% layer was heated 
for 50 hours at 1371°C (2500°F). The 85% layer for 300 hours at 871 °C (1600°F) 
and the 40% layer for 500 hours at 760°C (1400°F). 

5.3. Thermal Rupture Rig Tests 

The thermal rupture rig was designed to subject multi-layer, sprayed ceramic 
system, test specimens to calibrated thermal conditions to screen methods of 
improving the thermal capability of the ceramic system. By subjecting the 
specimen to a known gas stream temperature for a specified time, a thermal 
gradient is produced through the ceramic. This gradient is an exaggerated 
version of the transient thermal condition produced during engine 
acceleration, which is the limiting thermal condition for the ceramic outer 
air seal system. 

The specimen is mounted in the thermal rupture rig, as shown in Figure 11, by 
an air cooled, metal holding fixture. The hot gas stream temperature is set to 
one of the five levels of severity available by setting the air and jet A fuel 
flows to the prescribed levels. The specimen is shielded from the hot gas 
stream during this operation by a metal shutter. The backside temperature is 
stabilized at a prescribed level by adjusting cooling air flow to the backside 
of the holding fixture. After these conditions are established, the specimen 
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Is tested by lifting the metal shield and exposing the front surface to the 
hot gas stream for 15 seconds. The back surface temperature is continuously 
recorded during the actual test run. After the test cycle has been completed 
the specimen is removed from the holding fixture and inspected for cracks. The 
test specimen is considered to have "failed" when cracks visible under 
inspection at 60X magnification have developed. The specimen is tested at 
progressively higher levels of severity until failure or maximum rig 
capability is reached. 



Figure 11 JT9D Ceramic Outer Air Seal Thermal Rupture Rig Facility was Used 
to Evaluate Thermal Stability Improvement 

The specimen's thermal rupture resistance is measured by calculating the 
temperature differential required to cause failure. This temperature 
differential is defined as the burner temperature minus the specimen backside 
temperature at the end of the test. Comparing the thermal resistance 
capability of the various specimens in this manner accounts for any 
differences which may exist in thermal conductivity. 

The thermal rupture rig was used to evaluate specimens of the complete ceramic 
seal system which incorporated the potentially beneficial spray parameters and 
metal substrate design changes shown in Table II. 

Over 250 thermal rupture rig tests were conducted during this program. 
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TABLE II 


CERAMIC SPRAY PARAMETER AND SUBSTRATE STIFFNESS VARIATIONS 
SELECTED FOR EVALUATION IN THE THERMAL RUPTURE RIG 


Spray Parameter or Substrate 
Layer Stiffness Variation 


Ceramic Seal System 
Identi f ication No. 

1 — 2 3 4 5 6 "7 8 9 10 11 12 13 14 


1 003. Increased Porosity 

Reduced Gun Distance (6.3 cm, 2.5 in) 
Reduced Powder Feed Rate (60 gpm) 
Reduced Gun Power (29 kW) 


X X X X X 
XX X 

X 


X 

X 


X X 
X X 


XXX 

XXX 


85 % 


Increased Gun Distance (15 cm, 6 in) X X 
Incr Powder Feed Rate (90 gpm) X 
Reduced Gun Distance (6.3 cm, 2.5 in) 

Reduced Gun Power (26 kW ) 


X 

X X 

X X XXXXXX 
X 


Substrate 

Machi ned Grooves 
Machined Cross Grooves 
Machi ned Edges 
Machined Corners 
Reduced Thickness 


5.4 Other Rig Tests 

The baseline and the improved ceramic seal systems were subjected to thermal 
gradient, thermal cycle, erosion, and abradability rig tests to further 
evaluate their relative acceptability for engine use. The tests are described 
below. 


5.4.1 Thermal Gradient 


Long term durability of the sprayed ceramic seal system in an engine 
application depends on the ability of the structure to withstand the physical 
and chemical changes which take place due to exposure of the system to the 
operating thermal environment. The major concerns are oxidation of the 
metallic constituents and sintering of the ceramic portions and the effect of 
both on structural Integrity of the ceramic system. 


A study was performed to determine the expected exposure time and thermal 
environment in the area of the ceramic seal for both the cruise and sea level 
takeoff conditions for a JT9D engine. It was determined that o a 50 hour thermal 
qradient test with a front and back side temperature of 1090°C (1995°F) and 
543°C (1 01 0°F ) respectively for cruise and 1273°C (2325°F) and 662 C (1225 F) 
for sea level take-off would provide the required exposure time and thermal 
environment for evaluating the ceramic seal system. 
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The specimen was mounted in the test rig, shown in Figure 12, using a fire 
brick holding fixture held by a water cooled copper fixture. A combination of 
oxygen-propane torches and cooling air jets are used to achieve the desired 
envi ronment. 



Figure 12 Cyclic Thermal Shock Rig Simulates Engine Thermal Cycles and Steady 
State Thermal Gradients 

5.4.2 Thermal Cycle 

Thermal stresses are generated by temperature differentials through the seal 
system. The analytical studies (Section 5.1) showed that the thermal condition 
at engine acceleration, a transient condition, generated the greatest 
stresses. The ability of the ceramic to withstand repeated stresses generated 
during this transient condition was evaluated in a rig which simulates the 
engine's thermal cycle from idle to sea level take-off and back to idle. 

The test rig used for this program was the same as the Thermal Gradient Rig. 

To provide the required thermal cycle, the torches were mechanically moved 
toward or away from the specimen at controlled rates. Fixed cooling air jets 
were turned on and off, or the flow was changed at predetermined Intervals, to 
meet the cycle requirements. The ceramic and metal substrate surface 
temperatures were monitored continuously with an optical pyrometer and 
thermocouples, respectively, and recorded on a strip chart. 
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The typical rig test thermal cycle Is shown In Figure 13. An engine cycle Is 
shown for comparison to illustrate the closeness of simulation. 
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Figure 13 Thermal Shock Test Cycles Simulate Engine Operating Conditions 
5.4.3 Erosion 

Erosion resistance was evaluated in the hot particulate erosion rig shown in 
Figure 14. This rig enables the erosion resistance of the sprayed system to be 
evaluated at various impingement angles and temperatures. The specimens were 
positioned at the various impingement angles relative to the end of the 
combustor exit nozzle by a compound vise. The specimen was heated by impinging 
JP-5 fuel and air combustion products on the surface of the specimen through a 
1.9 cm (0.75 in.) diameter exit nozzle. The temperature of the specimen and 
the exit gas velocity were controlled by varying fuel and air flows. 

After stabilization of the specimen surface temperature and gas velocity, 
particulate flow was initiated. The AI 9 O 3 particulate was gravity fed into 
a tube connected into the combustor exit nozzle approximately 5.1 cm (2.0 in.) 
upstream of the nozzle end. The particulate was picked up and accelerated to 
the specimen surface by the hot gas stream. The flow rate of the particulate 
was controlled by a precalibrated orifice placed in the storage hopper 
discharge line. The particulate flow rate was checked by monitoring the weight 
of the particulate used and the duration of the particulate flow during the 
test. 


21 




Figure 14 Hot Particulate Erosion Rig Simulates Long Term Engine Erosion 
Effects 


Specimen temperature was measured on the ceramic surface by an optical 
pyrometer. Erosion wear was determined by measuring the weight loss of the 
specimen at five minute intervals. 

The erosion specimen consisted of the composite seal system sprayed on a flat 
Hastelloy-X plate, 5.0 x 6.8 cm (2.0 x 2.7 in). A cap screw was welded to the 
center of the plate for mounting in the test fixture. 


Erosion tests were performed on both the baseline and the improved ceramic 
seal systems at four impingement angles, 15, 30, 45, and 85 degrees. Specimens 
aged at elevated temperatures were also tested at an impingement angle of 15 
degrees. All of the tests were run under the following conditions: 


Gas Velocity 
Surface Temperature 
Nozzl e-to-Specimen distance 
Particulate Type 
Particulate Flow Rate 


0.35 Mach number 
1 589°K (2400°F) 

3.81 cm (1.5 in. ) 
Aluminum Oxide 
9 gm/min (1.21 b/hr) 
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An 80 grit, average diameter 0.0266 cm (0.0105 in), particulate size was used 
for all of the baseline system testing. Most of the improved system testing 
was conducted with 90 grit, average diameter 0.020 cm (0.008 in) particulate 
size because of an availability problem with the 80 grit particulate. The 
switch was made after preliminary tests on the improved system indicated this 
small difference in particulate size had a negligible effect on erosion rate. 

5.4.4 Abradability 

The abradability tests were performed with the high temperature abradability 
test rig shown in Figure 15. Rig blades, with abrasive tip caps, are rubbed 
against the ceramic seal test specimens at different incursion rates, 
representative of engine interaction rates. Six blades are mounted in a disk 
driven at the required speed by a compressed air turbine. Blades were 
refurbished after use to provide an acceptable abrasive tip for subsequent 
tests. The seal segment specimen is mounted in a fixture at the end of a 
horizontal post. The post is attached to a moving carriage assembly designed 
to push the specimen radially into the rotor assembly at the required 
incursion rate. The seal specimen is heated by an oxygen/jet fuel burner 
directed at the front surface of the seal and an electric hot air heater 
directed at the rear surface of the seal. Gas flow, fuel flow, and current 
flow are varied to control the seal surface temperature. Seal surface 
temperature is monitored by optical pyrometers. Carriage travel is monitored 
by a linear differential transformer. All data is recorded continuously on a 
strip chart. 


Figure 15 High Temperature Abradability Rig Simulates Engine Conditions 
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The differences In abradability for various test conditions and test specimens 
were assessed on the basis of the volume wear ratio (VWR), the seal wear 
volume divided by the blade wear volume. Blade tip and seal wear were 
determined through pre and post-test measurements. The higher the volume wear 
ratio the better the abradability of the system. Accuracy of the assessment is 
limited at high volume wear ratio (700 and up) by blade tip wear measurement 
techniques. Blade tip wear of 0.0005 cm (0.0002 in) is the smallest that can 
be measured accurately. 

The tests were conducted at a seal surface temperature of 1315°C (2400°F), 
with one exception which was run at 1093°C (2000°F), and at a blade tip speed 
of 305 m/sec (1000 ft/sec) to simulate engine operating condition. An 
incursion depth of 0.05 cm (0.02 in) was set for all tests. Twelve abrada- 
bility tests were conducted on the baseline ceramic seal system design to 
evaluate the effect of the incursion rates: 0.0002, 0.002, and 0.020 cm/sec 

(0.0001, 0.001 and 0.010 in/sec). In addition, these tests were used to 
evaluate the effect on the ceramic of time at temperature on abradability at 
the 0.002 cm/sec (0.001 in/sec) incursion rate condition. Six abradability 
tests were also performed on the improved ceramic seal system design to 
evaluate the effect of the incursion rates: 0.0002, 0.002, and 0.020 cm/sec 

(0.0001, 0.001, and 0.010 in/sec). 

5.5 Engine Test 

As part of a related in-house program, sprayed ceramic seals were tested in an 
engine. The objectives of the test were to assess the effects of engine 
thermal cycles on the seal system, compare these results with results of 
thermal rupture rig testing, and obtain additional information on the 
abradability of the abrasive tip blade and ceramic seal. 

Thirty-six first stage turbine sprayed ceramic seal segments and 23 abrasive 
tip blades were tested in a JT9D-7 test engine (X-596). The seal was an 
interim design, since the test occurred prior to completion of the seal 
refinement process. 

The configuration tested was similar to the improved seal. The geometry was 
approximately the same and a porous zirconia top layer was provided over a 
dense zirconia layer. 

The engine was cycled according to the schedule shown in Figure 16. The high 
pressure turbine was removed from the engine and the seals inspected after 500 
and 2500 cycles. The results of this engine test and the results of the rig 
tests and analytical studies described earlier are presented in Section 6. 
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Figure 16 Accelerated Engine Endurance Test Cycle was Used to Evaluate 
Ceramic Outer Airseals 
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6.0 Evaluation Results 


6.1 Analytical Studies 

An initial analysis was conducted to determine the stresses generated in the 
baseline ceramic seal system in the 0.76 cm (0.030 In) 40% layer, 0.76 cm 
(0.030 in) 85% layer and 0.165 cm (0.065 in) 100% top layer. Engine operating 
conditions of 6 seconds and 8 seconds into acceleration from idle to sea level 
takeoff (acceleration 1 and 2), steady state sea level takeoff and 8 and 10 
seconds Into deceleration (deceleration 1 and 2) from takeoff to idle were 
analyzed. The axial and circumferential planes through the segment were 
analyzed at each engine operating condition. 

The stresses at each of the 1800 nodes of the analytical model at each 
operating condition were scanned In comparison with the strength of the 
material at that node at the operating condition temperature. The greatest 
ratio of stress to strength, an Indication of the potential of crack 
initiation, for each of the three ceramic system layers is presented In Table 
III. The stress at that location is also presented. Results Indicated that the 
acceleration 1 condition, In the circumferential plane, produced the greatest 
potential of crack initiation, a stress to strength ratio of 1.3 in both the 
100% and 85% layers. 

As a result, the circumferential plane and 6 second acceleration was selected 
to be used for the property sensitivity study. The study defined the change in 
stresses in the ceramic system for changes in modulus of elasticity, tensile 
strength, thermal conductivity and thermal expansion for each of the three 
layers of the ceramic system. Results are presented in Figures 17-25. Curves 
presented in those figures show the trend of change In maximum stresses in 
each of the layers corresponding to changes in the value of the property for 
each of the layers. The trend lines have been generated on the basis of three 
points, the actual value of the property and plus and minus changes of 50%. 

The curves shown in Figure 17-19, show the effect of changes in modulus of 
elasticity in the 1 00% , 85% and 40% layers respectively on the maximum stress 
in each layer generated during the JT9D acceleration transient. As expected, a 
modulus change in a layer has the greatest effect on the stresses in that 
layer with an Increase in modulus producing an Increase In stress. A change in 
the 100% layer modulus, Figure 17, had the most effect on stresses In the 
other two layers, a decrease in 100% layer modulus resulted in a reduction in 
stress in both the 85% and 40% layers. A modulus change In either the 85% or 
40% layers had no significant effect on the stress in either of the other two 
layers as shown in Figures 18 and 19. 

The effect of changes in the coefficient of thermal expansion of 100%, 85% and 
the 40% layers on the stresses in each of the three layers Is presented in 
Figures 20-22. The most significant effect on stresses was again in the layers 
with the changed property, the less the coefficient of thermal expansion, the 
less the stress. 
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I Change in 

Modulus of Elasticity 100 X Layer 

Figure 17 A Reduction in the Modulus of the 100% Layer Reduces the Stresses 
in All Three 
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X Change in 

Modulus of Elasticity 85 % Layer 


Figure 18 Reduction in the Modulus of the 85% Layer Reduces Stresses in 
that Layer and Has No Appreciable Effect on the Stress in the 
Other Two Layers 
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% Change in 

Modulus of Elasticity 40 Z Layer 


Figure 19 Reduction in the Modulus of the 40% Layer Reduces the Stresses in 
That Layer and Has No Effect on the Stresses in the Other Two 
Layers 



X Change in 

Coefficient of Thermal Expansion 100 Z Layer 

Figure 20 A Reduction in the Thermal Expansion of the 100% Layer Reduces 
the Stresses in All Three Layers 
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Z Change in 

Coefficient of Thermal Expansion 85 Z Layer 

Figure 21 A Reduction the Thermal Expansion of the 85% Layer Only 

Significantly Effects (reduces) the Stresses in that Layer 

Layer: 



" Change in 

Coefficient of Thermal Expansion 40 Z Layer 

Figure 22 A Reduction in the Thermal Expansion of the 40% Layer Reduces 
Stresses In that Layer with no effect on the Other Two Layers 
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Z Change in 

Coefficient of Thermal Conductivity 100 * Layer 

Figure 23 A Change in Thermal Conductivity of the 100% Layer has a Minimal 
Effect on the Stress of All Layers 



l Change in 

Coefficient of Thermal Conductivity 85 % Layer 

Figure 24 A Change in Thermal Conductivity of the 85% Layer has a Minimal 
Effect on the Stresses of All Layers 
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1 Change in 

Coefficient of Thermal Conductivity 40 % Layer 


Figure 25 Variation in the Thermal Conductivity of the 40% Layer has a 
Minimal Effect on Stresses in the Three Layers 

The effect of changes in thermal conductivity had the least effect of the 
three properties evaluated. Figures 23-25 show that changes in thermal 
conductivity did change stresses but only slightly. 

In using a stress to strength criteria for acceptability, the strength is a 
significant property in that an increase or decrease directly influences the 
ratio on a one to one basis. The other properties evaluated in this analysis 
effect stresses and, thereby, the stress-to-strength ratio shown by the slope 
of the trend lines in Figure 17-25. The significance of the stresses shown in 
those plots were judged on the basis of strength of 26.2, 51.0, and 124.1 M a 
(3.8, 7.4, and 18.0 ksi) for the 100%, 85%, and 40% layers respectively. 

A review of all the data presented in Figures 17-25 revealed that the four 
changes in properties that would reduce stresses were 1) reducing modulus of 
elasticity in the 100% layer, 2) reducing modulus of elasticity in the 85% 
layer, 3) increasing thermal conductivity in the 100% layer and 4) reducing 
the coefficient of thermal expansion in the 100% layer. 

It should be noted that the trend lines, by their slope, indicate that changes 
to the 40% layer were significant to stresses generated in that layer. How- 
ever the margin available in consideration of its strength of 124.1 MPa (18.0 
ksi)was considered sufficient, so improvements in this layer were not pursued. 
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The trends shown in Figures 17-25 for the more significant properties were 
confirmed by more detailed analysis. The same circumferential plane model used 
in the analysis resulting in Table III data was used but with the modulus of 
the 10W and 85% layer reduced by 50%, Increasing thermal conductivity of the 
100% layer and reducing the coefficient of thermal expansion In the 100% 
layer. Results are presented in Table IV and indicate a reduction In stress to 
strength ratio of a factor of 2+, producing a maximum value of 0.4, well below 
the design evaluation criteria of 1. 


TABLE III 

MAXIMUM STRESS/STRENGTH RATIOS FOR 
BASELINE CERAMIC SEAL SYSTEM 




Graded Ceramic Layer 



Engine Operating 
Condi ti on/ 

Seal Plane 

ZiTconTa 


85% Layer 

40% Lay 

er 

Stress 
MPa (psl) 

Stress/ 

Strength 

Stress 
MPa (psl) 

Stress/ 

Strength 

Stress 
MPa (psi) 

Stress/ 

Strength 

Acceleration 1/ 
Axial 

33.3 (4828) 

1.1 

46.7 (6775) 

1.0 

61 .4 (8905) 

0.5 

Accel eration 1 / 
Ci rcumferenti al 

39.0 (5661 ) 

1.3 (max) 

60.0 (8704) 

1.3 

60.6 (8791 ) 

0.5 

Acceleration 2/ 
Axial 

32.8 (4751 ) 

1.1 

50.0 (7246) 

1.1 

50.2 (7285) 

0.4 

Acceleration 2/ 
Ci rcumf erenti al 

38.3 (5559) 

1.2 

59,0 (8555) 

1.3 

44.7 (6483) 

0.4 

Sea Level 
Take-off/ 
Axial 

14.5 (2100) 

0.5 

30.2 (4373) 

0.6 

21.3 (3095) 

0.2 

Sea Level 
Take-off/ 
Circumferential 

20.7 (2999) 

0.8 

37.6 (5458) 

0.8 

23.9 (3464) 

0.2 

Deceleration 1/ 
Axi al 

25.9 (3762) 

0.8 

14.6 (2111) 

0.3 

15.0 (2173) 

0.1 

Deceleration 1/ 
Ci rcumferenti al 

17.8 (2588) 

0.6 

10.1 (1471) 

0.2 

17.3 (2504) 

0.1 

Deceleration 2/ 
Axial 

21.1 (3064) 

0.7 

12.9 (1865) 

0.3 

1 

14.9 (2168) 

0.1 

Deceleration 2/ 
Ci rcumferential 

13.1 (1896) 

0.4 

8.7 (1255) 

0.2 

16.6 (2408) 

0.1 


32 



6.2 Spray Parameter Evaluation 

Based on Pratt & Whitney Aircraft's experience in sprayed ceramics, and 
available literature, four spray parameters were determined to be the most 
significant effecting deposited material. The four parameters evaluated were 
1) gun stand-off distance, 2) gun power, 3) powder feed rate and 4) primary 
gas flow. Values were selected for each parameter which were below and above 
the value used in spraying the baseline. Baseline property values used in this 
evaluation are those shown as a function of temperature in Appendix B. All 
parameters other than the change being evaluated were kept at baseline values. 
The plots in Figures 17-25 were used to identify influence factors which 
related the change in property to change in stress to estimate the net 
improvement in stress to strength ratio for each spray parameter change. No 
values are shown for the 19.0 cm (7.5 in) standoff for the 100% layer because 
deposition rate was decreased significantly and even after an extended period 
of spraying the specimen was too thin for measurements. 

TABLE IV 

MAXIMUM CIRCUNFERENTIAL STRESS/STRENGTH 
RATIOS FOR THE CERAMIC SEAL SYSTEM 
MODULUS OF THE 100% AND 85% LAYER REDUCED 50% 

THERMAL CONDUCTIVITY OF THE 100% LAYER INCREASED 50% AND 
THERMAL EXPANSION OF THE 100% LAYER REDUCED 50% 






Graded Ceramic Layer 




Engine 


Zi rconia 

85% Layer 


40% Layer 

Operati ng 
Condition 


Stress 
MPa (psi) 

Stress/ 

Strength 

Stress 
MPa (psi) 

Stress/ 

Strength 

Stress 
MPa (psi) 

Stress/ 

Strength 

Accel eration 

1 

12.1(1760) 

0.3 

18.1 (2627) 

0.4 

28.9 

(4190) 

0.2 

Accel era ti on 

2 

9.7(1402) 

0.2 

14.0 (2037) 

0.3 

20.2 

(2933) 

0.1 

Sea Level 
Take-off 


10.6(1533) 

0.3 

4.9 (716) 

0.1 

9.5 

(1377) 

0.1 

Deceleration 

1 

4.2(613) 

0.1 

4.8 (690) 

0.1 

10.5 

(1524) 

0.1 

Deceleration 

2 

2.9(425) 

0.1 

4.6 (673) 

0.1 

10.7 

(1556) 

0.1 


A total of sixteen different fabrication runs were conducted initially; eight 
of each of the 100% and 85% layers. Table V contains the values for each of 
the four parameters and the resulting effect on tensile strength, modulus of 
elasticity and thermal expansion at the engine operating conditions. 

The data in Table V formed the basis for selecting changes in spray parameters 
for both the 100% and 85% layers for evaluation in thermal rupture rig testing 
of system parts. For the 100% layer, decreased stand-off distance and reduced 
powder feed rate offered the greatest potential for reducing stresses in that 
layer. Increasing and decreasing stand off distance and a decreased power 
level offered most potential for reducing stresses in the 85% layer. Various 
combinations of these parameter changes as well as increasing the porosity of 
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a top section of the 100% layer, determined by an in-house program to Improve 
abradability, were tested in the thermal rupture rig. Details of property mea- 
surements associated with spray parameter changes are presented in Appendix B. 

TABLE V 

COMPARISON OF SPRAY PARAMETER 
VARIATIONS WITH BASELINE SYSTEM 




Net Change 

iJ 


Plasma 

Spray Tensile 

Parameter Strength 

Modulus 

of 

Elasticity 

Thermal 

Expansion 

Stress/ 

Strength 

Ratio 

100% Layer 





Gun Standoff Distance 
Increase to 19.0 cm* (7. 5 in*) 
Decrease to 6.3 cm(2.5 in) 

+49% 

+26% 

No effect 

-20.4% 

Gun Power Level 
Increase to 46 KW 
Decrease to 29 KW 

+33% 
- 6% 

+48% 

-21% 

No effect 
No effect 

+19.8% 

-15% 

Powder Feed Rate 
Increase to 12U gpm 
Decrease to 60 gpm 

+ 9% 
+26% 

+22.2% 
+ 5.1% 

No effect 
No. effect 

+1 5% 
-20.3% 

Primary Gas Flow 

Increase to 2.0 CMH (100 CFH) 

Decrease to 1.7 CMH (60 CFH) 

+25% 

+17% 

+54% 

+38% 

No effect 
No effect 

+34.4% 

+24.8% 

85% Layer 





Gun Standoff Distance 
Increase to 15.2 cm (6.0 in) 
Decrease to 6.3 cm (2.5 in) 

+26% 

0 

-7.5% 

-18% 

-3% 

+11% 

-30.5% 

-29% 

Gun Power Level 
Increase to 46 KW 
Decrease to 26 KW 

-2% 

-2% 

-7% 

-19% 

+6.5% 

+3% 

-11.5% 

-24% 

Powder Feed Rate 
Increase to 90 gpm 
Decrease to 20 gpm 

+16% 

-10% 

-2% 

-4% 

-3% 

+8% 

-15% 

-2% 

Preliminary Gas Flow 
Increase to 2.8 CMH (100 CFH) 
Decrease to 1.4 CMH (50 CFH) 

+7% 

-15% 

-9.1% 

-18.5% 

+3% 

+8% 

■ \ r a l- 

-19.1% 

-11.5% 

i r\r\oi t 


★The increase in gun stand off distance to 19.0 cm (7.5 in) for the 100% layer 
dramatically decreased the deposition rate resulting in a specimen too thin to test. 
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6.3 Thermal Rupture Rig Evaluation 

Over 250 thermal rupture tests were conducted during the program to evaluate 
the effects of spray processing and design changes on the thermal rupture 
resistance of the sprayed ceramic seal system. The combination of spray 
parameters evaluated by thermal rupture rig changes is shown in Table VI. Seal 
system number 1 and 2 represented combinations of spray parameter changes 
which by analysis offered greater benefit. System No. 3 was tested because of 
in-house program data indicating it to have greater thermal rupture resistance 
than the baseline system as well as a decreased density at the surface to 
promote improved abradability. Thereafter the parameters selected for test 
evaluation were based on results of these tests and analysis as discussed 
below. 

TABLE VI 

CERAMIC SEAL SYSTEMS SELECTED FOR 
THERMAL RUPTURE RIG EVALUATION 


Seal 

System 

Number 

Layer 

Spray Parameter Variation 

1 

100% 

Reduced gun distance, 6.3 cm (2.5 in) 


85% 

Increased gun distance, 15.2 cm (6.0 in) 

2 

100% 

Reduced gun distance, 6.3 cm (2.5 in) 


100% 

Reduced powder feed rate, 60 gpm 


85% 

Increased gun distance, 15.2 cm (6.0 in) 


85% 

Increased powder feed rate, 90 gpm 

3 

100% 

Increased porosity, top 0.076-0.114 cm 

4 

100% 

(0.030-0.045 in) only 
Increased porosity 


85% 

Increased powder feed rate, 90 gpm 

5 

100% 

Increased porosity 


85% 

Reduced gun distance, 6.3 cm (2.5 in) 

6 

100% 

Increased porosity 


85% 

Increased gun distance, 15.2 cm (6.0 in) 

7 

100% 

Increased porosity 


100% 

Reduced gun distance, 6.3 cm (2.5 in) 


85% 

Reduced gun distance, 6.3 cm (2.5 in) 

8 

100% 

Increased porosity 


85% 

Increased powder feed rate, 90 gpm 


85% 

Decreased gun power level, 26 kW 

9 

100% 

Increased porosity 


100% 

Reduced gun power, 29 kW 


85% 

Decreased gun distance, 6.3 cm (2.5 in) 
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Test results are summarized In Figure 26 In comparison with baseline system 
test data. Maximum temperature change, the difference between combustor gas 
temperature and temperature on the back of the specimen of the test condition 
initiating a crack in the specimen was averaged for all tests of a given 
system and plotted. Results of the tests of the two initial systems indicated 
that the anticipated benefits of the individual parameter changes were not 
additive in that testing did not show the system specimens to be able to 
withstand a greater temperature gradient. The third system a 0.114 cm (0.045 
in) porous top layer of zirconia did show a slight Improvement. 



System Modification 


Figure 26 Improved Systems Showed 231 °C ( 41 6°F ) Improvement in Thermal 
Rupture Resistance 

Because the effect of parameter changes was not additive, individual changes 
in spray parameters were then evaluated. Inspection of parts from testing to 
this point in the program indicated that cracks were concentrated primarily in 
the 85% layer. For that reason parameter changes were selected to decrease the 
stress to strength ratio in the 85% layer while maintaining the benefit 
associated with the 0.114 cm (0.045 in) porous zirconia layer. Systems 4, 5, 
and 6 accomplished that objective revealing that an increase of an additional 
83 °C ( 1 50 °F ) In thermal resistance could be achieved by decreasing gun 
distance to 6.3 cm (2.5 in) during spraying of the 85% layer. Systems 7 
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through 9 testing substantiated the improvement offered by adding a gun 
distance change to 6.3 cm (2.5 in) for the zirconia to the other two changes 
(a porous zirconia and 6.3 cm gun distance for the 85% layer) previously 
i ncorporated. 

Improvements to the spray process involving mainly more accurate instrumenta- 
tion and controls were incorporated and used to spray the improved system 
(noted as system modification No. 10). These improvements contributed 
significantly to increasing the average thermal resistance of the parts during 
spraying. An increase of 231°C (415°F) in temperature was demonstrated to be 
achievable with the improved system selected for engine test. 

The improved system involves the following three changes to the baseline 
system. 

1) 0.114 cm (0.045 in) porous zirconia top layer 

2) 6.3 cm (2.5 in) gun stand off for the 100% layer 

3) 6.3 cm (2.5 in) gun stand off for the 85% layer 

The improvement in thermal rupture resistance as demonstrated by these rig 
tests was considered to be significant for JT9D engine use because of a 
rig/engine correlation developed under an in-house program. Seals fabricated 
with system 3 parts, with 222°C (400°F) less capability than the improved 
system, had been tested in a JT9D engine and completed engine cycling without 
spalling. The added benefit of the improved system would be expected to 
provide greater cyclic capability at similar engine temperatures or equivalent 
cycle capability at higher temperatures. 

A typical specimen crack produced in the Improved system by thermal rupture 
rig testing is shown in Figure 27. The crack typically angles through the 40% 
lc^yer and becomes laminar near the interface of the 40% and 85% layers. 

In addition to improving the spray process, effort was directed toward using 
the thermal rupture rig to evaluate several different substrate design 
features that could be incorporated to optimize the seal system durability. 

All previous thermal rupture rig testing had been done on specimens fabricated 
on 0.228 cm (0.090 in) flat stock Hastelloy X or Inconel 718. The attempt now 
was to identify engine seal substrate design modifications which could be 
demon- strated by rig tests of flat plate specimens to offer potential to 
reduce stresses. The designs Investigated Included 1) partial cross grooves as 
well as the baseline and a thinner substrate, 2) cross grooves, 3) picture 
frame and 4) cut corners. (Figure 28 shows modification 1-4). 

The thin substrate design modification reduced the thickness of the flat plate 
from the baseline 0.228 cm (0.090 in) thickness to an approximate thickness of 
0.152 cm (0.060 in). Both the cut corner and picture frame substrate modifica- 
tion attempted to reduce the effective thickness of the substrate at the most 
highly stressed parts of the seal, the leading and trailing edge and at the 
corners, where cracks occurred during rig and engine test. The cross groove 
and partial cross groove design modifications not only attempted to reduce the 
effective thickness but also attempted to Introduce Irregularities into the 
substrate surface to provide a torturous path for laminar crack progression. 
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Figure 27 


Typical Thermal Rupture Rig Crack Angles Through 40% Layer to 
40%-85% Layer Interfaces 




Y 


Figure 28 


Four Seal Substrate Surface Design Modifications were Evaluated 
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All the specimens fabricated on the different substrate designs utilized the 
improved ceramic system with a gun standoff of 6.3 cm (2.5 in) for the 85% and 
100% layers and a porous zirconia top layer 

Since the majority of the improved system parts survived the maximum thermal 
rupture cycle testing did not identify any one configuration as being superior 
to the others. 

In order to determine the relative merits of the substrate modifications a 
much thicker substrate was employed. Previous work had shown that a thicker 
substrate with its greater stiffness reduced thermal rupture resistance and 
therefore testing would result in crack initiation at a less severe thermal 
cycle. It was expected that by evaluating all alternative substrate design 
modifications with a thicker substrate susceptability to thermal stress would 
be increased. Cracks would be initiated at a lower test condition and 
differences between design modifications could be identified. 

Testing was conducted but results did not conclusively prove that any design 
change offered thermal rupture resistance benefit. An attempt to further 
evaluate cross grooving was not successful. Difficulties in machining cross 
grooves on seals for cyclic thermal shock rig testing and successful engine 
test of seals without cross grooving provided the basis for a decision not to 
incorporate the cross groove feature in the ceramic seal design. 

6.4 Other Rig Tests 

6.4.1 Thermal Gradient 

Two multi-layer specimens of the improved ceramic seal system were fabricated 
for thermal gradient testing. The specimens were machined to remove overspray 
of the edges and provide the final overall thickness required to match actual 
engine segment dimensions. The first test, simulating the thermal gradient at 
engine cruise conditions with a 1090°C (1995°F) zirconia and 543°C ( 1 01 0 °F ) 
back temperature, completed 50 hours without cracking. The second test, 
simulating the thermal gradient at engine sea level takeoff condition with a 
1273°C ( 2325 °F ) surface temperature and 662°C (1225°F) back temperature 
completed 33.33 hours of testing before aborting because of equipment failure. 
The equipment failure resulted in a very severe temperature decrease on both 
surfaces. Inspection of the part revealed cracks at the 100%-85% layer 
interface. 

The results of the analytical study of this test indicate that the cracking 
observed would be expected to result from the abnormal temperature decrease 
encountered with the equipment failure, and probably was not the result of 
33.33 hours of exposure to the normal test temperature gradient. On the basis 
of this analysis, and the results of the cruise temperature gradient tests, it 
was concluded that the improved ceramic seal system was stable under expected 
temperature gradients. Previous testing resulted in the same conclusion 
regarding the baseline ceramic seal system. 
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6.4.2 Thermal Cycle 

Thermal cycle testing of the Improved ceramic seal system was concluded after 
the first acceleration cycle. Visual inspection of the segment revealed 
cracking in the ceramic as shown in Figure 29. Maximum surface temperature 
recorded was 1537°C (2800°F) which is greater than the expected nominal engine 
conditions. Post-test analysis indicated that thermally induced stresses could 
produce the observed cracking in the porous zirconia and 85% regions as shown 
in Figure 30. All three time points (acceleration, sea level take-off and 
deceleration) were examined in the analysis. A summary of this data is 
presented in Table VII. showing that the acceleration cycle was the most 
severe. The predicted crack locations correlate favorably with the actual test 
data, and differences are attributable to the localized stiffening effect of 
the slotted mounting rails. A repeat of the test of expected nominal engine 
conditions was not pursued because of the limited value of such a rig test 
considering the fact that engine test results would be available soon. 


TABLE VII 

ANALYTICAL RESULTS OF THERMAL CYCLE TESTING 


Thermal Time Point 


Subset 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 
17 


Material 

Accel 



Stress 

Stress/ 


MPa (psi) 

Strength 

Porous 

-6.0 (-877) 


zirconia 

11.9 (1731) 

20.9 (3032) 

1.5 

100% 

27.5 (3983) 



33.4 (4840) 
27.8 (4035) 
41.0 (5944) 

1.0 

85% 

39.2 (5685) 



38.4 (5565) 
36.2 (5247) 
45.6 (661 9) 

1.0 

40% 

49.2 (7140) 



47.7 (6924) 
58.0 (8415) 
69.3 (10044) 

0.5 

Bond coat 

21 7.2 (31503) 


Substrate 

185.6 (26925) 



SL TO 


Stress Stress/ 

MPa (psi) Strength 

-2.4 (-347) 

3.7 (537) 

8.1 (1170) 0.7 

11.9 (1 720) 

16.9 (2450) 

17.0 (2472) 

26.9 (3905) 0.7 

14.1 (2041 ) 

19.7 (2863) 

26.8 (3880) 

54.8 (7946) 1.2 

15.2 (2201 ) 

15.3 (2218) 

23.9 (3473) 

86.7 (12572) 0.6 , 

45.9 (6659) 

89.7 (13014) 


Decel 


Stress 

Stress/ 

MPa (psi) 

Strength 

8.9 (1288) 

4.6 (674) 

3.1 (450) 

4.7 (681) 
5.6 (815) 

3.2 (460) 

0.6 

12.1 (1752) 
7.6 (1107) 
7.4 (1068) 
4.8 (701) 

0.3 

24.3 (3526) 

3.2 (465) 
4.0 (575) 

8.3 (1209) 

0.5 

13.8 (2004) 
10.2 (1475) 
19.5 (2829) 

0.1 
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Figure 29 Ceramic Seal Cracks After First Accel of Thermal Cycle Testing are 
Shown 


Calculated 

Stress/Strength 


— Visible Cracks 

a-; 


Porous Zirconia 


•1.0 

100 % 

La^LA 

85 % 

1 1)0 " 1 

V 

- Bond Coat 

Substrate 


Figure 30 Analysis Predicts Identical Crack as Engine Result 
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6.4.3 Erosion 

The results of erosion rig testing of the baseline and improved ceramic seal 
systems at 1315°C (2400°F) are summarized in Table VIII, and photographs 
showing typical post test condition of tested specimens are presented in 
Figure 31 (numbers in the figure correspond to Table VIII). Comparison of the 
unaged results with the two systems at the higher impingement angles (30, 45, 
and 85 degrees) shows that the erosion rate of the improved system is slightly 
higher (4%). Comparison of the unaged results at 15 degrees impingement angle 
shows the erosion rate of the improved system to be significantly higher 
(85%). However, whereas aging increases the erosion rate of the baseline 
system, the data from the improved system is not conclusive because of the 
limited amount of data, as shown on Figure 32. The higher erosion rate of the 
improved system is expected because of the more porous top surface used in the 
improved system to increase abradability. It should be noted that in-house 
engine testing has indicated that the demonstrated erosion rate is acceptable 
for Initial engine evaluation for the intended application. 



Figure 31 Erosion Rate Demonstrated by Rig Testing is Acceptable for Initial 
Engine Evaluation 
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TABLE VIII 


RESULTS OF EROSION RIG TESTING 


Aging Impingement 


Number 

Seal 

System 

Time 
Hr s 

( Temp, 

°C (°F) 

Angle 

Degree 

Particulate 

Size 

Erosion Rate* 
gm/min (lb/hr) 


Baseline 


Unaged 


15 

80 Grit 

0.0045 

(0.00060) 


Basel i ne 


Unaged 


30 

80 Grit 

0.0154 

(0.00204) 


Baseline 


Unaged 


85 

80 Grit 

0.0522 

(0.00690) 


Basel ine 

100 

760 

(1400) 

15 

80 Grit 

0.0050 

(0.00066) 


Baseline 

200 

760 

(1400) 

15 

80 Grit 

0.0055 

(0.00073) 


Basel ine 

500 

760 

(1400) 

15 

80 Grit 

0.0068 

(0.00090) 


Basel i ne 

100 

871 

(1600) 

15 

80 Grit 

0.0069 

(0.00091) 

1 

Improved 


Unaged 


15 

90 Gri t 

0.0083 

(0.00110) 

2 

Improved 


Unaged 


15 

80 Grit 

0.0149 

(0.00197) 

3 

Improved 


Unaged 


15 

80 Gri t 

0.0089 

(0.00118) 

4 

Improved 


Unaged 


30 

90 Grit 

0.0127 

(0.00168) 

5 

Improved 


Unaged 


45 

90 Grit 

0.0449 

(0.00594) 

6 

Improved 


Unaged 


45 

80 Grit 

0.0630 

(0.00833) 

7 

Improved 


Unaged 


85 

90 Gri t 

0.0636 

(0.00841 ) 

8 

Improved 

100 

760 

(1400) 

15 

90 Grit 

0.0097 

(0.00128) 

9 

Improved 

200 

760 

(1400) 

15 

90 Gri t 

0.0082 

(0.001 08) 

10 

Improved 

100 

871 

(1600) 

15 

90 Grit 

0.0109 

(0.00144) 


* Seal Surface temperature of 2400°F 
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Examination of the data in Table VIII also shows that the switch from 80 grit 
to 90 grit particulate, which was necessary part way through the program 
because of an availability problem, had a negligible effect on the results. 
Comparison of test numbers 2 and 3, which are identical in every respect 
Including grit size (80 grit), shows a potential repeatability error of +25 
percent in erosion rate. Comparison of the erosion rate of test number 17 
which differs from test numbers 2 and 3 only in grit size (90 grit), with the 
average erosion rate of test numbers 2 and 3 show that the 90 grit test is 30 
percent less. Comparing test numbers 5 and 6, which are Identical except for 
grit size, also show the erosion rate with 90 grit particulate to be about 30 
percent less. Since the results in these two examples fall in the same range 
as the repeatability error, it was concluded that the general comparisons of 
the two seal systems were reasonable. 


Gm/M I N 



Baseline 


Figure 32 Results of Erosion Tests After Aging of Improved System are 
Inconclusive 

6.4.4 Abradability 

The results of the abradability rig testing of the baseline and improved 
ceramic seal systems are summarized in Table IX. The high values of VWR shown 
for most of the cases in this table indicate excellent abradability. Values of 
volume wear ratio above 700 were not calculated because they corresponded to 
blade wear measurements lower than 0.0005 cm (0.0002 in) which was within 
blade wear measurement accuracy. Comparing test 6 with tests 16 and 17 shows 
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that the improved system, which includes a more porous surface layer, resulted 
in a significant abradability increase at slow interaction rates where the 
baseline system is poorest. This conclusion is based on unaged specimens of 
both seal systems. A comparison of test 4 with tests 7, 8, 9, 10 and 11 indi- 
cates that aging of the baseline system resulted in no change in abradability 
within the accuracy of the measurements. This conclusion is also expected to 
apply to the improved system, which was not tested after aging. 


TABLE IX 


RESULTS OF ABRADABILITY RIG TESTING 


Test Seal 

No. System 

1 Baseline 

2 Baseline 

3 Baseline 

4 Baseline 

5 Baseline 

6 Baseline 


Aging 

Time Temp , 
Hrs *C fF) 
Unaged 
Unaged 
Unaged 
Unaged 
Unaged 
Unaged 


Incursion 
Rate , 
cm/sec 
(i n/sec) 
0.025(0.010) 
0.025(0.010) 
0.005(0.002) 
0 . 002 ( 0 . 001 ) 
0 . 002 ( 0 . 001 ) 
0 . 0002 ( 0.0001 ) 


Max Seal 
Wear 
cm (in) 
0.040(0.016) 
0.040(0.016) 
0.058(0.023) 
0.058(0.023) 
0.020(0.008) 
0.020(0.008) 


Avg Blade 

Tip Wear 

VWR 

cm (in) 

Negl i gi ble 

700+ 

Negl i gibl e 

700+ 

0.012(0.005) 

600 

0.012(0.005) 

700+ 

0.0302(0.0119) 

1.4 

0.0302(0.0119) 

1 .4 


7 

Basel i ne 

50 

760(1400) 

0.002(0.001 ) 

0.043(0.017) 

8 

Basel i ne 

200 

760(1400) 

0.002(0.001 ) 

0.033(0.013) 

9 

Basel i ne 

500 

760(1400) 

0.002(0.001 ) 

0.043(0.017) 

10 

Basel i ne 

50 

860(1600) 

0.002(0.001) 

0.048(0.019) 

1 1* 

Basel i ne 

50 

1095(2000) 

0.002(0.001 ) 

0.043(0.017) 

12* 

Basel i ne 

33.5 

1315(2400) 

0.002(0.001 ) 

0.015(0.006) 


Negligible 700+ 

Negligible 700+ 

Negligible 700+ 

Negligible 700+ 

Negligible 700+ 


0.0134 (0.0053) 3.4 


13 

14 

15 

Improved 

Improved 

Improved 

Unaged 

Unaged 

Unaged 

0.025(0.010) 
0.002(0.001 ) 
0.002(0.001 ) 

0.055(0.022) 

0.058(0.023) 

0.0416(0.0164) 

Negl igi bl e 
0.0040 (0.0016) 
0.0124 (0.0049) 

700+ 
700 + 
35.2 

16 

17 

Improved 

Improved 

Unaged 

Unaged 

0.0002(0.0001 ) 
0.0002(0.0001 ) 

0.033(0.013) 

0.0690(0.0272) 

0.0114 (0.0045) 
0.0523 (0.0206) 

13 

265 

18** 

Improved 

Unaged 

0.025(0.010) 

0.073(0.029) 

Negligible 

700+ 


* Aging of these specimens was the result of exposure to a thermal gradient 
te s t . 

** Seal surface temperature of 1093°C (2000*F) instead of the 1315°C (2400”F) used in all other 
cases. 


A comparison of tests 11 and 12 relates the abradability of an engine segment 
aged at a cruise condition (test 11) with a segment aged at take off condi- 
tions (test 12). Test 12 shows a significant reduction in abradability 
compared to the other aged tests. While this may be at least partly attribu- 
table to its very high aging temperature ( 1 31 5 °C , 2400°F), it is more likely 
due to the fact that the specimen was cracked when subjected to a rapid 
temperature reduction when the rig equipment failed during a prior thermal 
gradient test. 
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Comparison of test 4 with 5 and 14 with 15 shows substantial variation of 
abradability results In repeated testing. The 700+ VWR result from each pair 
of tests is believed to be the correct result because of its consistency with 
the results of tests 7, 8, 9 and 10, which were run with the same incursion 
rate. 

Test 18 was conducted with a seal surface temperature at 1093°C (2000°F), 
while all other tests were at 1315°C (2400°F). This test may be compared to 
tests 13, 1, and 2 to show that abradability is not affected significantly by 
this range of surface temperature. 

6.5 Engine Test 

This test provided the opportunity to compare the results of 500 and 2500 
cycles of engine tests with the thermal rupture rig test results of the 
ceramic system with porous zirconia top layer. Visual inspection revealed that 
most of the 36 seal segments were unaffected by exposure to the engine 
environment, as shown in Figure 33. Only six segments showed small areas of 
edge chipping, as shown in Figure 34. Microscopic inspection showed that 
small, tight cracks were generated on only 15% of the segment corners. The 
porous zirconia top layer in combination with improvements made to the 85% and 
100% layer and improved processing techniques demonstrated improved thermal 
rupture resistance as shown by comparing system modifications numbers 3 and 10 
in Figure 26. It is anticipated, therefore, that engine testing of the 
Improved design which Includes these additional features will result in less 
cracking than exhibited by these parts. 

A total of nine seal segments were rubbed during the test to a maximum depth 
of 0.033 cm (0.013 in). Twenty-two of the twenty-three blades participated in 
the rub with a maximum measured blade tip wear of 0.139 cm (0.055 in). A 
volume wear ratio, seal volume removed to blade tip volume worn, of 22 to 1 

was calculated from the measured data. The seal rub Is shown In Figure 35. A 

typical blade tip showing results of the test is also shown in Figure 36. 

These rub results substantiated the potential engine clearance reduction 
benefit attributable to the abradability of the sprayed ceramic seal system. 

Eighteen of the thirty-six seals which were unaffected by the 500 cycles were 
subsequently tested for another 2000 cycles resulting in only 10 very local 
areas of edge chipping similar to that shown in Figure 34. 

The engine test also demonstrated that the seal system with the 100% layer top 

coat would abrade sufficiently and cleanly without chipping and cracking 
during a blade tip rub. This feature is Included in the Improved seal design 
and comparable rub performance in subsequent engine test of the design is 
anticipated. 
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Figure 33 Most Seal Segments were Unaffected by Exposure to 2500 Engine 
Cycles 



Figure 34 Six Segments Showed Some Edge Chipping after Exposure to 2500 
Engine Cycles 


47 





Figure 35 Seal Rub is Consistent with a Volume Wear Ratio of 22 to 1 


Figure 36 Blade Tip Wear is Consistent with a Volume Wear Ratio of 22 to 1 
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7.0 Concluding Remarks 


Significant improvements in the critical characteri sties of the ceramic seal 
system have been accomplished under this NASA sponsored ECI-PI project. With 
these improvements, the seal system is expected to perform successfully in two 
upcoming engine tests under Phase II of the ECI project. One test will 
demonstrate the abradability and durability characteristics of the final seal 
system in a 1000 cycle endurance test of a JT9D-7J engine. The other test is 
an FAA-moni tored 150 hour, maximum exhaust gas temperature test of a JT9D-7R4 
engine, which is expected to qualify the seal system for subsequent airline 
service evaluation. 

Airline service evaluation is the ultimate test of the acceptability of the 
seal system, marking completion of the transition from the concept to the 
application stage. Application to new production engines and retrofit in 
existing engines would be expected to follow rapidly, allowing at least 0.025 
cm (0.010 in) reduction in turbine tip clearance and an estimated fuel saving 
of 0.4 percent. 

Recommendations for further work on ceramic seal systems will be formulated 
based on the results of engine testing scheduled in Phase II of this program. 
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Appendix A 

Plasma Spray Equipment 


Pratt & Whitney Aircraft's Metal Joining Development Group of Manufacturing 
Research and Development is developing plasma spray equipment which will have 
capabilities superior to any currently available. The first generation of this 
equipment was used for a majority of the plasma spray work performed under 
this contract. The control panel and holding fixture used are shown in Figures 
A-l and A-2 respectively. The use of this equipment provides an added degree 
of spray parameter control which has helped in the identification and optimi- 
zation of significant spray parameters that are key to the successful develop- 
ment of the improved ceramic seal design. Future generations of equipment are 
being developed to further improve the ability to optimize complex plasma 
sprayed systems of this type and fabricate them with consistency. 



Figure A-l Plasma Spray Control Panel Used in the Evaluation and Optimization 
of Significant Spray Parameters 
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Figure A-2 Production Type Holding Fixture Used in Spraying Property Speci- 
mens, and Rig and Engine Parts 


Additional equipment consisted of the powder delivery system shown in Figure 
A-3. This system utilizes 5 Plasmadyne powder feeders which allows for 
continual spraying of the system's 5 layers. Two Plasmadyne 40 kilowatt power 
supplies are tied together and are used to supply the power to the 3M Micro 
Plasma Spray Gun, Figure A-4. 
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Figure A-3 Powder heed bystem Providing Continuous Powder Flow During 
Spraying of Ceramic System Specimens and Parts 




Figure A-4 Metco Plasma Spray Gun 
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Appendix B 
Material Properties 


I Material Properties and the Effects of Aging of the Baseline Ceramic 
Seal System 

Single layer flat-plate specimens were prepared of the baseline ceramic seal 
system for each of the ceramic/metall ic layers. The specimens were machined 
and thermally aged at temperatures and times representative of the engine 
environment. Aged specimens were then subjected to property measurements for 
modulus, tensile strength, compressive strength, thermal conductivity and 
thermal expansion. 

Property measurements were evaluated on the 100% layer after a 50 hour aging 
period at a temperature of 1371 °C (2500°F). Figure B-l is a comparison of the 
tensile strength of aged and non-aged specimens versus temperature. In the 
temperature range of 1037°C (1900°F) to 1371 °C (2500°F) the tensile strength 
is increased by a factor of 2 after aging. At the lower temperatures the 
increase in tensile strength approaches three times that of baseline. 
Compressive strength increased more dramatically in the temperature range of 
room temperature to 537°C (1000°F) for the aged specimens. At 1037 C (1900 F) 
to 1371 °C (2500°F ) the increase was one and a half times greater than the 
unaged specimens. Figure B-2 is a comparison of the compressive strength of 
aged and non-aged test specimens versus temperature. The elastic modulus of 
the 100% layer after aging, determined from the tensile and compressive 
strengths, is shown in Figure B-3. 

Property measurements for the 85% layer were evaluated after an aging period 
of 300 hours at a temperature of 871 °C (1600°F). Figure B-4 is a comparison of 
the tensile strength of aged and unaged specimens versus temperature. The aged 
material did not increase in strength. In the temperature range of 537 °C 
(1000°F) to 760°C (HOOT) the tensile strength of the unaged specimens was 
approximately 50 percent greater than the aged. The compressive strength 
(Figure B-5) exhibits the same trend in data as for the tensile strength. 
Within the temperature range of 537°C (1000°F) to 760°C (1400°F) the unaged 
specimens were approximately two times stronger. The elastic modulus, 
calculated from tensile and the compressive strength (Figure B-6) showed an 
increase over the baseline data. 

Property measurements for the 40% layer were evaluated after an aging period 
of 500 hours at a temperature of 760°C (1400°F). Before considering the data 
obtained for this material, it should be noted that the ring used for aging 
was fabricated with a higher ceramic content than was intended. This was 
confirmed by analysis of the metallic content The result was an expected 
decrease in strength and elastic modulus. Therefore, the following discussion 
deals in terms of general trends. Figure B-7 is a comparison of the aged 
tensile strength to earlier baseline data. An increase in strength after aging 
was noted at all test temperatures. The data from the compressive strength 
exhibits the same trend (Figure B-8). The elastic modulus also showed an 
Increase over the unaged data (Figure B-9). 


53 




600 1000 1400 1800 2200 2600 °F 


Temperature 

Figure B-l Aging of the Baseline 100% Layer for 50 Hours at 1371°C (2500°F) 
Increases the Tensile Strength Through Entire Temperature Range 
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Figure B-2 Aging of the Baseline 100% Layer for 50 Hours at 1371 0 C (2500°F) 
Increases the Compressive Strength Over Entire Temperature Range 
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Figure B-3 Modulus of Elasticity of the Baseline 100% Layer Increases with 
Aging, 50 Hours at 1371°C (2500°F) 
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Figure B-4 The Tensile Strength of the Baseline 85% Layer Decreases with 
Aging, 300 Hours at 871 °C (1600°F) 
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Figure B-5 Aging of the Baseline 85% Layer for 300 Hours at 871 °C (16Q0°F) 
Decreases the Compressive Strength Except at Room Temperature 


Figure B-10 is a comparison of thermal conductivity of the baseline 100% layer 
unaged and aged for 50 hours at 1371 °C (2500°F). The results show a factor of 
2 increase in thermal conductivity for the aged over the unaged material. This 
is due to an increase in diffusivity. No change was noted in the values 
obtained for specific heat. The thermal expansion data (Figure B-ll) is 
essentially the same as the unaged baseline data taken after the first heat-up 
cycle. The shrinkage typically seen during the first heat up cycle of the 
as-sprayed material at temperatures above 1093°C (2000°F) was not observed. 
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Figure B-6 Aging of the Baseline 85% Layer for 300 Hours at 871 °C (1600°F) 
Increases the Modulus of Elasticity Over the Entire Temperature 
Range 


The thermal conductivity of the aged 85% layer (Figure B-12) was essentially 
identical to the unaged data except at elevated temperatures where the 
conductivity of the aged material was 5% less than the unaged. The thermal 
expansion data of the aged material is within +5% of the unaged material 
(Figure B-13). 

The thermal conductivity of the 40% layer after aging increased by 50% (Figure 
B-14). This was due to an increase in density, specific heat and diffusivity. 
The thermal expansion was slightly less than the unaged baseline data as shown 
in Figure B-15. The metallic content of the aged material was less than that 
found in the unaged baseline rings, which could have contributed to the 
difference. 
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Figure B-9 Aging for 500 Hours at 760°C (1400°F) Increases the Modulus of 
Elasticity of the Baseline 40% Layer 


II Effect of Spray Parameter Changes on Material Properties 

The effect of spray parameters on internal properties was determined by 
varying four selected spray parameters from the baseline system. The spray 
parameters varied were gun distance, powder feed rate, primary gas flow and 
power to the gun. These variations were applied to both the 100% and 85% 
layers. Variations were as follows: 


Gun Distance 
cm (in) 



100% Layer 



Basel i ne 

12.7 (5.0) 

- 

Variation 

6.3 (2.5) 


85% Layer 



Baseline 

12.7 (5.0) 


Variation 

6.3 (2.5) 
15.2 (6.0) 


Powder 

Primary 

Gun 

Feed Rate 

Gas Flow 

Power 

gm/min (lb/hr) 

CMH ( CFH) 

kw 


90 

(11.9) 

2.1 

(75) 

36 

60 

(7.93) 

2.8 

(100) 

29 

120 

(15.87) 

1.7 

(60) 

46 


45 

(5.95) 

2.1 

(75) 

36 

90 

(11.9) 

2.8 

(100) 

46 

20 

(2.64) 

1.4 

(50) 

26 
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Figure B-10 Aging, 50 Hours at 1371 C (2500 F), of the Baseline 100% Layer 
Increases the Thermal Conductivity at Least by a Factor of Two 

One ring representing each spray parameter variation was fabricated, from 
which single-layer flat plate specimens were machined. Machined specimens were 
subjected to property measurements for modulus, tensile strength, compressive 
strength, and thermal expansion. 

Figure B-16 represents tensile strength data for the 100% layer spray 
parameter variations. With the exception of gun power of 29 kW, all of the 
spray parameter variations increased the tensile strength of the specimen. The 
most dramatic increase in tensile strength, approximately 42% over the 
baseline, was seen in the ring fabricated with a gun standoff of 6.3 cm U.b 
In) which was the parameter change selected for the Improved system. 
Compressive strength data show the same trend in improvement. The ring 
fabricated with a gun standoff of 6.3 cm (2.5 in) showed an approximate 
Increase of 100% over baseline parts in the temperature range of 537 C 
(1000 °F) to 1371 °C (2500°F). 
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Figure B-l 1 Aging Does Not Change the Thermal Expansion Values of the 
Baseline 100% Layer 


The elastic modulus of the 100% layer, determined from the tensile and 
compressive testing, increased for every ring except the one fabricated with a 
reduction in gun power to 29 kw. The data is plotted in Figure B-l 7. Since the 
greater the modulus the greater the stress generated in the thermal 
environment, and considering both Figures B-l 6 and B-17, the parameter change 
selected for the Improved system offered the greatest improvement in strength 
with only a minimal effect on stress. 

Figure B-l 8 shows the average tensile strength for each of the spray parameter 
variations for the 85% layer. Increasing the gun standoff to 15.2 cm (6.0 in) 
demonstrated the greatest increase in tensile strength. The compressive 
strength showed no significant increase over the baseline except for the ring 
fabricated with a gun standoff of 6.3 cm (2.5 in). 
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Figure B-12 Aging Did Not Appreciably Change the Thermal Conductivity Values 
of the Baseline 85% Layer 


The elastic modulus of the 85% layer, determined from tensile and compressive 
testing, decreased for all the spray parameter variations. The ring fabricated 
with the 6.3 cm (2.5 in) gun standoff showed the most consistent decrease, a 
constant 18 to 24% over the entire testing range. The data is plotted in 
Figure B-19. 

It is interesting to note that the 85% layer parameter change selected for the 
improved system, as a result of thermal rupture testing, had little if any 
effect on the strength of the layer but has the greatest effect in terms of 
reducing modulus. 

Thermal conductivity of the 100% layer for most of the spray parameter changes 
was measured and are plotted in Figure B-20. Results show that the baseline 
value was close to the nominal of all the values measured for the parameter 
changes. 
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Figure B-13 Thermal Expansion Values of the Baseline 85% Layer Do Not Seem to 
be Dependent on Aging Effects 
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Figure B-14 Thermal Conductivity Increases With Aging, 500 Hours at 760°C 
( 1400°F ) of the Baseline 40% Layer 
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Figure B-15 Aging, 500 Hours at 760°C (1400°F) Marginally Decreased the 
Thermal Expansion Values of the Baseline 40% Layer 


KSI 

6 


5 


4 


X 
h- 
C D 

z 

UJ 

OC 


CO 

UJ 

-1 


cn 

z 

UJ 


3 


2 


1 


0 


GPa 



I I I 1 I I 

0 500 750 1000 1500 2000 °F 


Temperature 

Figure B-16 The Majority of Spray Parameter Changes Resulted in an Increase 
in Tensile Strength of the 100% Layer 
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Figure B-17 Spray Parameter changes Generally Increased the 100$ Layer 
Modulus of Elasticity 

The elongation due to thermal expansion was measured for each of the spray 
parameter variations for the 100 % and 85 % layers. The results, presented in 
Figures B-21 and B-22, show no significant effect of spray parameter 
variations on thermal expansion. 
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Figure B-18 15.2 Cm (6.0 In) Standoff Resulted in the Greatest Increase in 

the Tensile Strength of the 85 % Layer 

III Material Properties and the Effect of Aging of Improved Ceramic Seal 
System 

Test specimens for each of the ceramic/metallic layers used in the improved 
seal system were thermally aged at temperatures and times representative of 
their exposure in the JT9D engine environment. The aged specimens were then 
subjected to property measurements for modulus, tensile strength, compressive 
strength, thermal conductivity, and thermal expansion. 
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Figure B-19 2.5 Inch Standoff Provided the Greatest Reduction in Modulus for 

the 85% Layer 

Property measurements for the porous zirconia layer were evaluated after being 
thermally aged at a temperature of 1371 °C (2500°F) for 50 hours. Figure B-23 
shows the effect of aging on the tensile strength of the material. In the 
temperature range of 1037°C (1900°F) to 1371°C (2500°F) the strength of the 
unaged material was at least three times greater than that of the aged 
material. Only at room temperature was the aged material greater in strength 
(approximately 3.5 times). The compressive strength as seen in Figure B-24 
shows aged specimens to be stronger than the unaged specimen except at the 
maximum temperature. At all temperatures the modulus of the aged material is 
higher than the unaged as shown in Figure B-25. 
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Figure B-20 Thermal Conductivity of Improved 100£ Layer Is Similar to 
Baseline Value 

Property measurements were evaluated on the 100J layer after a fifty hour 
aging period at a temperature of 1371 °C (2500°F). Figure B-26 is a comparison 
of the aged and unaged tensile strength. At room temperature and 1371°C 
(2500°F) the aged material shows an Increase in strength of almost twice that 
of the unaged material. At the intermediate temperatures, 537°C C 1 000°F ) to 
1037°C (1900°F), the unaged material appears to be stronger. This difference 
is inconsistent with the aging of the baseline specimens and Is probably due 
to testing accuracy. 
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Figure B-21 Spray Parameter Variations Had no Significant Effect on Thermal 
Expansion in the 1 00% Layer 
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Figure B-22 Spray Parameter Variations Had no Significant Effect on Thermal 
Expansion in the 85% Layer 
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Figure B-23 Aging for 50 Hours at 1371 °C (2500°F) Does Not Appreciably Change 
the Tensile Strength of the Porous Zirconla Layer 
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Figure B-24 Aging, 50 Hours at 1371 °C (250Q°F), of the Porous Zirconla Layer 
Increases the Compressive Strength 
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Figure B-25 Aging, 50 Hours at 1371 °C (2500°F), of the Porous Zirconia Layer 
Increases the Modulus of Elasticity 
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Figure B-26 Aging, 50 Hours at 1371°C (2500°F), of the Improved 100* Layer 

the Tensile Strength in the 537°C (1000°F) to 1093°C 
(2000 F) Range 










Figure B-27 gives a comparison of the compressive strength of the aged and 
unaged material. Maximum increase In strength of the aged material occurs at 
537 *C (1000'F) where It Is almost twice the strength of the unaged material. 
At 1037°C ( 1 900°F ) the aged material Is still stronger than the unaged 
material but only by a factor of 1.3. At 1371°C (2500°F) the trend reverses 
itself and the unaged material is 1.1 times greater In strength than the aged 
material . 
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Figure B-27 Aging, 50 Hours at 1371 °C (2500°F), of the Improved 1002? Layer 
Increases the Compressive Strength Over the Majority of the 
Temperature Range 
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At all temperatures the modulus of the aged material greatly exceeds that of 
the unaged material (Figure B-28). From room temperature to 1371 °C (2500°F) 
the modulus of the aged material is three times that of the unaged material. 
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Figure B-28 Aging, 50 Hours at 1371°C (2500°F), Increases the Modulus of 
Elasticity of the Improved 100% Layer 

Property measurements for the 85% layer were evaluated after an aging period 
of 300 hours at a temperature of 871 °C (1600°F). Figure B-28 is a comparison 
of the tensile strength of the aged and the unaged material. As was noted with 
previous aging tests, the unaged material is stronger than the aged, in this 
case approximately 1.7 times stronger over the entire temperature range. 
Compressive strength was also consistently stronger for the unaged material by 
as much as 2.5 times that of the aged material in the temperature range from 
537°C (1000°F) to 760°C ( 1 400 °F ) as shown in Figure B-30. The modulus of 
elasticity of the aged material is always greater than the modulus of unaged 
material (Figure B-31 ) . 

The 40% layer was not changed for the improved system and therefore the 
property values and effect of aging is the same as reported in section I of 
this appendix. 
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Figure B-29 


Tensile Strength of the Improved 85% Layer Decreases After Aging 
for 300 Hours at 871°C (1600°F) 
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Figure B-30 Aging, 300 Hours at 871 °C (1600°F), Decreases the Compressive 
Strength of the Improved 85% Layer 








Appendix C 
Product Assurance 


I Introduction 

The Product Assurance system provided for the establishment of quality 
requirements and determination of compliance with these requirements, from 
procurement of raw material until the completion of the experimental test. The 
system ensures the detection of nonconformances, their proper disposition, and 
effective corrective action. 

Materials, parts, and assemblies were controlled and inspected to the 
requirements of the JT9D Ceramic Outer Air Seal Program. A full production- 
type program requires inspection to the requirements indicated on the drawings 
and pertinent specifications. On experimental programs Engineering may delete 
or waive noncritical inspection requirements that are normally performed by 
Experimental Qual ity Assurance. 

Parts, assemblies, components and end-item articles were inspected and tested 
prior to delivery to ensure compliance to all established requirements and 
specifications. 

The results of the required inspections and tests were documented as evidence 
of quality. Such documents, when requested, were made available to designated 
Government Representatives for on-site review. 

Standard Pratt & Whitney Aircraft Commercial Products Division Quality 
Assurance Standards currently in effect and consistent with Contractual 
Quality Assurance Requirements were followed during execution of this task. 
Specific standards were applied under the contract in the following areas: 

1. Purchased Parts and Experimental Machine Shop 

2 . Experimental Assembly 

3. Experimental Test 

4. Instrumentation and Equipment 

5. Data 

6. Records 

7. Reliability, Maintainability and Safety 

II Purchased Parts And Experimental Machine Shop 

Pratt & Whitney Aircraft has the responsibil ity for the quality of supplier 
and suppl ier-subcontractor articles, and effected its responsibility by 
requiring either control at source by Pratt & Whitney Aircraft Vendor Quality 
Control 'or inspection after receipt at Pratt A Whitney Aircraft. Records of 
inspections and tests performed at source were maintained by the supplier as 
specified in Pratt & Whitney Aircraft Purchase Order requirements. 

Quality Assurance made certain that required inspections and tests of 
purchased materials and parts were completed either at the supplier's plant or 
upon receipt at Pratt & Whitney Aircraft. 
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Receiving inspection included a check for damage in transit, identification of 
parts against shipping and receiving documents, drawing and specification 
requirements, and a check for Materials Control Laboratory release. Positive 
identification and control of parts was maintained pending final inspection 
and test results. 

The parts manufactured in Pratt & Whitney Aircraft Experimental Machine Shop 
were subject to Experimental Construction procedures to ensure that proper 
methods and responsibilities for the control of various quality standards were 
f ol 1 owed . 

Drawing control was maintained through an engineering drawing control system. 
Parts were identified with the foregoing system. Quality Assurance personnel 
are responsible for reviewing drawings to ensure that the proper inspection 
requirements are indicated. 

Non-conforming experimental articles involved in this program were detected 
and identified by Experimental Construction, by vendors, or by Experimental 
Quality Assurance. Non-conforming articles were reviewed by Engineering and 
Experimental Quality Assurance personnel in deciding disposition. Records of 
these decisions, including descriptions of the non-conformances were 
maintained by Experimental Quality Assurance and reviewed by the cognizant 
Government Quality Assurance Representative. 

Ill Instrumentation And Equipment 

Instrumentation and equipment were controlled under the Pratt & Whitney 
Aircraft Quality Assurance Plan which includes controls on the measuring and 
test equipment in Experimental Test to specific procedures. All testing and 
measuring equipment carries a label indicating its status (controlled, monitor 
or calibrated) and, when applicable, the date of calibration and next due date. 

The accuracy of gages and equipment used for quality Inspection functions was 
maintained by means of a control and calibration system. The system provided 
for the maintenance of reference standards, procedures, records, and 
environmental control when necessary. Gages and tools used for measurements 
were calibrated utilizing the aforementioned system. 

Reference standards were maintained by periodic reviews for accuracy, 
stability, and range. Certificates of Traceability establish the relationship 
of the reference standard to standards in the National Bureau of Standards 
(NBS). Calibration of work standards against reference standards was 
accomplished in environmental -control led areas. 

Initial calibration intervals for gaging and measuring equipment were 
established on the basis of expected usage and operating conditions. The 
computerized gage control system provided a weekly listing of all gages and 
equipment requiring calibration, highlighting overdue items. 


77 



IV Records 


Quality Assurance personnel ensured that records pertaining to quality 
requirements were adequate and maintained as directed in Experimental Quality 
Assurance procedures and in accordance with contractual requirements. 

Rig build and operating record books were maintained in accordance with 
Engineering Department requirements. In addition, a consolidated record of 
operating times for each component test article used in the experimental 
program was maintained. 

V Reliability, Maintainability And Safety 

Standard production engine design techniques and criteria, which consider 
product reliability and maintainability in context with all other requirements 
(such as performance, weight and cost), were used in defining the parts for 
the JT9D Ceramic Outer Air Seal Program. The significant stress areas of the 
modified parts were analyzed to ensure that their structural margins were 
equal to or better than those of the bill-of-material parts. 

The safety activities at Pratt & Whitney Aircraft are designed to fully comply 
with the applicable sections of the Federal Aviation Regulations, Part 33 Air 
Worthiness Standards: Aircraft Engines, as established by the Federal Aviation 
Administration. 
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